The effects o f a series o f 2-arylam ino-l,4,5,6-tetrahydropyrim idines on photosynthesis in spin ach chloroplast were studied. The com pounds proved to be uncouplers o f photophosphorylation, while inhibition o f electron transport occurred at higher concentrations. These effects were rather irreversible and the activity increased with lipophilicity. Inhibition o f electron transport could not be reversed by trypsin treatmeni.
Introduction
2-A rylam ino-1,4,5,6-tetrahydropyrim idines are chem icals w ith several biological p roperties. S om e derivatives are plant grow th regulators, w hile oth ers possess fungicidal properties [1, 2] .
An interesting grow th reg u lato r in this series is 2-(4-fl-hexylphenylam ino)-1,4 ,5 ,6-tetrahydropyrim idine (PH 30-17) w hich can be used to control sucker growth in tobacco plants.
In order to investigate the m ode o f action o f these com pounds, we studied the effects o f a n u m b e r o f derivatives on photosynthetic reactions in spinach chloroplasts. Inhibition o f A T P fo rm a tio n proved the most im portant effect and the relatio n betw een chem ical structure and this in h ib itio n was analysed by m ultiple regression analysis.
Some prelim inary results have previously been published [3] .
Methods

Chemicals
All inhibitors used were synthesized in th e S ynthe sis D epartm ent o f the D u p h a r C ro p P ro tectio n D iv i sion according to know n m ethods. 
Photosynthetic m easurem ents
Broken chloroplasts w ere isolated as d escrib ed previously [4] . U nless stated otherw ise, p h o to synthetic processes were m easu red in a m ed iu m o f 4 ml containing in nmol: T ric in e /N a O H (pH 8 T o inactivate the w ater-splitting enzym e ch lo ro plasts w ere isolated in T ris b u ffer pH 8.0 and in cubated at 40 °C for 4 m in u tes as described by Böhm e and T reb st [7] . Several types o f electron donors were used (pm ol): asco rb ate 40, N H 2O H 100 or am inophenol 2.0 plus ascorbate 2.0 as re com m ended by several au th o rs [8, 9] . Electron transport was m easured spectrophotom etrically or by using a C lark electrode (G il son Med. Electr.). In h ib ito rs w ere ad d ed as m eth a-nolic solutions, the final m ethanol concen tratio n a l ways being 2%.
A 
Structure-activity relationships
Biological activities were correlated w ith p h y sico chem ical param eters according to H ansch and Leo [10] and n values were taken from th e ir tables.
Results
Effects on electron transport and photophosphorylation
W hen 2 -arylam ino-1,4 ,5 ,6-tetrahydropyrim idin es were added to illum inated chloroplasts a strong in h i bition o f A T P -form ation was observed. In som e cases such inhibition was accom panied by a stim u lation o f the electron transport. chloroplasts lacking the w ater-splitting enzym e w ere used. In h eat-treated chloroplasts PH 30-17 has no inhibitory activity it MV is used as acceptor. O ther experim ents show ed th a t this chem ical was not active as an electron d o n o r for photosystem I and the in hibition o f the electron tran sp o rt could n o t be reversed by catalytic am ounts o f T M P D alone.
T he tim e course o f trypsin trea tm e n t and the dose/response curves w ith try p sin -treated an d con trol chloroplasts are presented in Fig. 2 . W hereas the inhibition o f electron tra n sp o rt by D C M U is re versed by trypsin treatm ent, th e in h ib itio n by PH 30-17 is not. M oreover, 0.1 m M o f PH 30-17 in h ib ited the electron transport in try p sin -treated chloroplasts considerably, w hile th e sam e concentration p ro duced a small stim u latio n o f th e electron tra n sp o rt in untreated chloroplasts.
Reversibility o f the inhibition
To investigate w h eth er or not th e effects o f PH 30-17 were reversible, ch loroplasts w ere p re-in cu b a te d in a buffer (50 m M T ricin e pH 8.0, 1 m M M g C l2) co n taining different am o u n ts o f this co m p o u n d . A fter 10 m in the in h ib ito r was rem oved by w ashing and centrifugation at 30000 x g and p h o to sy n th etic ac tivities o f the chloroplasts w ere m e asu red in the standard incubation m ed iu m . T h e sam e ex p e rim en t was conducted w ith th e u n co u p ler N H 4C1. T a b le III shows the results. T he relationship betw een the lip o p h ilic ity p a r am eter n and the uncoupling activity o f th e first 11 com pounds o f T ab le IV was analysed by m u ltip le re gression and proved to be q u ad ra tic. F o r th e cyclic and noncyclic p h o sp h o ry latio n eq u atio n s (1) and (2) were found, respectively. In the above presen tatio n n is th e n u m b e r o f co m pounds , r is the correlation coefficient, s is th e sta n d ard error o f th e estim ate and F rep resen ts th e o v er all statistical significance o f th e eq u atio n . T h e Student's t-test values are placed in brackets. n-C 6H 13' < 0 >-NH-0 Fig. 1 ) th e in h ib itio n o f A T P-form ation is p ro b a b ly caused by uncoupling only.
Structure-activity relationships
Because PH 30-17 is an in h ib ito r o f electron tran s port at som ew hat h ig h e r concentrations, the stim u lation o f electron w hich is such a typical feature o f uncouplers, is reduced. In co n trast to PH 30-17 the derivatives having sh o rt alkyl chains are p u re u n couplers, as is illu strated by th e m e th y l-su b stitu ted com pound in Fig. 1 . T his co m p o u n d does n o t in h ib it the electron tran sp o rt at th e co n cen tratio n s used and a clear stim ulation d u e to u n co u p lin g can be o b served. In T able IV th e p l50 values for in h ib itio n o f electron transport and u n co u p lin g can easily be co m pared. D erivatives having a sh o rt alkyl ch a in show a I50 (electron tra n sp o rt)/I50 (p h o sp h o ry latio n ) ratio greater than 10, w hile th e long ch ain d eriv ativ es have ratios as low as 2 (octyl-derivative).
Inhibition o f electron tran sp o rt by high co n c en tra tions o f uncouplers has b een rep o rted for m an y types o f uncouplers including N H 4C1 and alk y lam in es [11 -13] . T his in h ib itio n p ro b ab ly occurs at th e w a ter-splitting site [8] , and th e results p resen ted in T a ble II indicate th a t PH 30-17 b eh av es sim ilarly. In h i bition o f the electron tran sp o rt by PH 30-17 can be reversed by the ad d itio n o f th e T M P D /a sc o rb ic acid couple (in this case, stim u latio n o f m o re th a n 200%, d ue to uncoupling, was even observed), b u t not by adding PD o r T M P D alone or by trypsin trea tm e n t ( Fig. 2A ) . This suggests an in h ib itio n site before photosystem I b u t d ifferen t from the D C M U or DBMIB sites. A fter trypsin trea tm e n t the d o s e /re sponse curve for PH 30-17 show s only an in h ib itio n o f electron transport (Fig. 2B ) . T he curve has a shape com parable to the curve for un co u p led elec tron transport in Fig. 1 . S tim u latio n o f electron transport due to uncoupling by PH 30-17 d isa p p e a r ed totally upon trypsin treatm ent. F inally, in h eated chloroplasts in w hich the w ater-splitting enzym e was inactivated, the electron tran sp o rt could be started by electron donors such as N H 2O H , ascorbic acid and am inophenol plus ascorbic acid. E lectron tra n s port supported by the first d o n o r is sensitive to both D C M U and PH 30-17 b u t electron tra n sp o rt catalys ed by the other two donors is sensitive only to D CM U . T his indicates an in h ib itio n site for PH 30-17 between the d o n atio n sites o f N H 2O H and ascor bic acid/am inophenol.
F urth er experim ents concerning th e reversibility o f the uncoupling and in h ib itio n o f electron tra n s port by PH 30-17 show ed th a t these effects are so m e w hat irreversible. In contrast, N H 4C1 and m e th y l am ine were reported to p ro d u ce fully reversible u n coupling effects [12, 13] w hich is in ag reem en t w ith our results in T able III. P artial in h ib itio n o r u n co u p ling by PH 30-17 can be reversed by w ashing b u t when a 100% effect is reach ed the in h ib itio n has an irreversible character. T his can be caused by a strong The most im portant structural feature o f P H 30-17 / N His the cyclic guan id in e portion: -N H -C^^ w hich is also present in o th e r u ncouplers such as octylguanidine [14, 15] and the energy tran sfe r in h ib i tor synthalin [16] . O ctylguanidine and th e fungicid e dodecylguanidine (dodine) proved to be in h ib ito rs o f phosphorylation in chloroplasts [14, 15] an d m ito chondria [17, 18] . N evertheless, th e real m ode o f ac tion o f these chem icals is believed to b e th e ir effects on m em brane integrity [19] . A vron an d S h av it re ported that octylguanidine also u n co u p led in a p a r tially irreversible m anner [14] . T h u s, so m e sim ilarity between the effects o f alk y lg u an id in es an d th e co m pounds described in this p ap e r is ob v io u s. H ow ever, the possibility th a t the effect on m e m b ra n e in teg rity is a prim ary effect o f these co m p o u n d s, w hile the uncoupling is only a secondary effect sh o u ld n ot be excluded. A nother interesting effect o f these ch e m i cals is the in h ib itio n o f ergosterol b iosynthesis in fungi [20] , but this effect can also be caused by loss o f m em brane integrity.
T able IV clearly shows th a t th e u n co u p lin g activtiy increases as th e n u m b e r o f c a rb o n ato m s in the alkyl chain increases, w hich in d icates th a t th e lipophilicity is an im p o rtan t factor. T h is is expressed m athem atically in Eqns (1) and (2) an d visualized in Fig. 3 . Because the v ariatio n in su b stitu tio n p a tte rn is lim ited, no conclusions can be d raw n concerning electronic and steric effects. S everal au th o rs have studied the relationship betw een u n co u p lin g activity and the chemical structure o f am in es [12, 13, 21] or uncouplers o f o th er chem ical classes [22 -26] . U n coupling by am ines is caused by th e unch arg ed species [12, 13] and therefore th e activ ity is d e pendent on the p K a [13] . In a co n generic series w here p K a values are alm ost identical th e activity is d e term ined by lipophilicity [21] . A s th e co m p o u n d s 1-11 in Table IV have alm ost th e sam e p K a's, n is the only significant param eter. In a study on th e inhibition o f oxidative p h o sp h o ry latio n by alk y l guanidines, Pressm an found a lin e a r relatio n sh ip between p l50 values and chain length [17] .
F urther, T able IV show s th at th e co m p o u n d h a v ing an im idazole ring (13) has n early th e sam e ac tivity as PH 30-17. By contrast, 4 -h ex y lan ilin e (12) is only a poor uncoupler. In spite o f the above con sid eratio n s th e real m e ch anism o f the uncoupling activity o f ary lam in otetrahydropyrim idines is unknow n, an d fu rth e r ex perim ents, including th e effects on A T P ase and pH gradients in chloroplasts, are necessary to elu cid ate th eir m ode o f action. 
